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Introduction
Abradable seal coatings are currently used in gas turbine engines in order to reduce the gap between rotating and stationary parts, thus ensuring that more gas is drawn through the blade area and less escapes over the tips of the blades [1] . In this way, the overall efficiency of the engine is improved. The function of these materials is to wear preferentially when rotating turbine blades come into contact, thus ensuring a minimum clearance between the blade and the stationary part. In turbine application, these materials are submitted to a high temperature (up to around 1500°C) in a corrosive atmosphere and subjected to erosive wear. Abradable materials are thus challenging materials, since they must show a good corrosion and erosion resistance, as well as they must be soft enough to wear preferentially with respect to the blade.
The composition of abradable materials strongly depends on the temperature domain of its application. In the low temperature domain (below 500°C), polymers and aluminium polymers are used. When increasing the temperature up to 1100°C, MCrAlY materials are used, into which a solid lubricant is added. The role of the metallic matrix is to give to the material its mechanical strength, combined with oxidation and corrosion resistance. The solid lubricant is inserted in order to facilitate the shear process, and to reduce the size of the particles produced during the blade incursion into the abradable material [2] . The size of these particles is an important factor, regarding subsequent erosion phenomena.
Abradable seal coatings are usually manufactured using thermal spray techniques [3] . The abradable powder is rapidly heated and projected at a high velocity onto the substrate, where it is deposited under the form of molten particle splats. After successive passes of the spray gun, a layered structure is obtained. Thermal spray powders are usually constituted with a mixture of MCrAlY alloys or ceramic, combined with a solid lubricant, such as hexagonal boron nitride (h-BN), CaF 2 or bentonite and clay minerals. Instead of thermal spray techniques, the Spark Plasma Sintering (SPS) technique is used in the present work.
The Spark Plasma Sintering (SPS) technique is an emergent fabrication process for new materials [4] . With this technique, sintering is achieved through specimen heating by the passage of a pulsed DC electric current into the graphite die and within the specimen itself placed inside the die when it is conducting. The temperature at which a material is sintered is reduced by the application of a uniaxial compressive pressure. The sintering process occurs under an atmosphere where the partial pressure of oxygen is very low, in order to avoid oxidation phenomena. Although the exact mechanisms involved in SPS are not yet clearly identified, the sintering process occurs within very short times [4] . Past investigations have shown the efficiency of this technique in various fields, such as ceramic and composite materials [5] [6] [7] [8] [9] , metallic glasses [10] , etc. Recently, the fabrication of high temperature materials, such as MCrAlY coatings on single crystal nickel superalloy substrates, was performed using the SPS technique [11, 12] . These works have shown the feasibility of dense metallic coatings in short times when compared to conventional techniques, with a good control of the coating composition. In addition, the SPS process allows the assembly of multi-layers materials, as shown by the fabrication of complete thermal barrier coating systems using the SPS process [13] .
In the present investigation, a cermet based on a CoNiCrAlY metal alloy and containing a controlled amount of talc is prepared using the SPS technique. MCrAlY alloys are currently used as coatings or as bond coats for thermal barrier coating systems on nickel superalloys, for their good oxidation and corrosion properties [14] . Talc is a mineral constituted of hydrated magnesium silicates. Its chemical formula is Mg 3 Si 4 O 10 (OH) 2 . As mentioned before, talc is used for its lubricant properties. The aim of the present investigation is to analyse the chemical stability of talc and CoNiCrAlY mixture, during the SPS fabrication of the cermet.
Materials and methods
The metallic powder alloy chosen for the present investigation is the CoNiCrAlY alloy, such as the commercial powder AMDRY® 995 (Sulzer Metco). The composition of the powder is given in Table 1 , with an average particle size around 35 μm. This powder is mixed with talc powder particles, whose average particle size is around 1.8 μm. The two powders were mixed in the proportion of 1:20 weight ratio of talc. During the mixture of the powders, the fine talc particles cover the larger metallic particle surfaces.
The obtained mixture is placed inside a graphite die (15 mm inner diameter) and between two alumina layers, so that the electric current goes mainly through the graphite die during the SPS process. The powder is thus heated by conduction with boron nitride coated papyex TM sheets (graphite sheet), between which the mixture (talc + MCrAlY) powder is placed, to prevent the diffusion of the carbon contained in the papyex towards the MCrAlY particles [13] . In this way, the formation of carbide phases can be avoided. The material was then sintered using a Dr. Sinter 2080 apparatus available at the Plateforme Nationale de Frittage Flash du CNRS at Toulouse, previously described in [12] . The samples were sintered at 1000°C, under a pressure of 100 MPa with a dwell time of 10 min.
Chemical interaction of the components
The microstructure of CoNiCrAlY/talc and CoNiCrAlY specimens obtained after fabrication in identical conditions are shown in Fig. 1 . The materials obtained are dense and uniform in terms of the microstructure. In both cases, the metallic particles are shown to have a β/γ structure, and the grain size of the metallic particles does not seem to be modified during the SPS process. In the case of a CoNiCrAlY-talc mixture, a thin film of talc is deposited on the surface of each metallic particle during the mixture of the powder. After fabrication, the metallic particles are surrounded by a dark compound which contains the elements Mg, Si and O of the talc initially introduced in the powder mixture.
EDS maps performed on the bulk section of a specimen in a scanning electron microscope confirm the presence of the constitutive elements of talc, namely Mg, Si, and O around the metallic particles. They are shown in Fig. 2 . Moreover, a high concentration in Al is observed at the periphery of each metallic particle. This point can be correlated to the absence of the β-NiAl phase at the vicinity of the metal/talc interfaces. Both phenomena indicate a chemical interaction between the aluminium contained in the metal phases and the constitutive elements of talc. Fig. 3 shows TEM observations performed on a specimen cut from the bulk of the material obtained after SPS fabrication. The presence of a thin layer (around 150 nm thickness) constituted of small crystallites is observed at the surface of the metallic particles. EDS analyses performed on these crystals show that this phase is rich in Mg, Al and O. Selective Area Diffraction (SAD) patterns corresponding to these crystallites show that the phase surrounding the metallic particles is the MgAl 2 O 4 spinel phase (see Fig. 3 ). The formation of this oxide phase should result from the reaction of aluminium coming from the alloy with the magnesium contained in the talc and the oxygen contained in the water vapor delivered during talc decomposition at a high temperature. Indeed, it is well known that talc dehydrates at temperatures above 800°C [15] . Above this temperature, the talc molecule loses its hydroxyl groups and delivers water vapor. This lost [15, 16] . This reaction occurred during the high temperature sintering process. In addition, small spherical particles, visible in Fig. 3 , are observed within the sheet structure observed between the metallic particles. EDS analyses performed on these particles have revealed a composition of around 50 at.% silicon in the solution within a mixture of cobalt, nickel and chromium. The silicon enrichment of the γ metallic phases was also observed by EDS analysis. The products of the high temperature decomposition of talc have reacted with the metallic elements during the sample preparation by SPS. These reactions result in the formation of a spinel oxide MgAl 2 O 4 and silicon enrichment of the metallic phases. Thermodynamic calculations were conducted using HSC Chemistry ® software [17] . The aim of these calculations was the determination of the compounds which could form at the thermodynamic equilibrium in a closed system consisting of a given quantity of talc mixed with cobalt, nickel, chromium, aluminium and yttrium (CoNiCrAlY) according to the experimental composition. The hydrogen contained in the talc was excluded from the calculations. It is assumed that after high temperature decomposition of the talc, the hydrogen migrates outside the considered system as fast diffusing species. The mixture of these elements is assumed to be homogeneous. A list of all the compounds that might form from the initial composition is then given. Depending on the chemical activity of each species, and the Gibbs energies of reactions contained in the database, the software allows the computation through energy minimization of the fraction of each compound obtained at the thermodynamic equilibrium. Fig. 4 shows the evolution of the equilibrium composition calculated as a function of the temperature of the system. At the thermodynamic equilibrium, the composition at 1000°C shows a high content in nickel, cobalt and chromium, which corresponds to the γ phase observed in the specimen. In agreement with the observations, the presence of the β-NiAl phase is also predicted. The minor phases predicted by the calculations consist in oxide phases, such as the MgAl 2 O 4 spinel and several silicides (CoSi, CrSi, and NiSi). These silicides can be correlated with the presence of the nearly spherical particles showing a high content of silicon, cobalt, chromium and nickel that were observed by TEM, and with the enrichment in silicon of the metallic phases. Another feature experimentally observed and correctly predicted by the calculation is the formation of a small amount of alumina at temperatures above 900°C. The formation of an oxide scale constituted of alumina and MgAl 2 O 4 spinel within the material is thus correctly predicted by the thermodynamic calculations at equilibrium. This point is in agreement with the experimental observations shown in Fig. 3 . In addition, the calculations predict the presence of β-NiAl, and of silicides, which are observed in the bulk of the material. The thermodynamic analysis shows good agreement with experimental observations.
Oxidation behaviour
The isothermal oxidation behaviour of the external surface of the CoNiCrAlY based cermet was investigated using thermal analysis. A specimen fabricated by SPS from a CoNiCrAlY-talc mixture was mechanically polished down to 1 μm. The surface was cleaned using acetone, ethanol and ultrasonic technique. The specimen was then mounted inside a Setaram TAG 24 s thermal analyser. The specimen was then annealed at 1050°C for 100 h under a flow of synthetic air. The previously described internal reaction between the talc and the metallic alloy leads to negligible mass variation since only hydrogen is lost during the process. Then, the mass gain observed during the annealing was associated with the growth of an external oxide scale. Fig. 5 shows the parabolic evolution of the mass gain per unit area (Δm/S ) with annealing time. The parabolic oxidation constant during the stationary regime was calculated to be k P =1.8⋅ 10 . This value is typical of alumina forming materials and is close to the value found for CoNiCrAlY coatings [19] . The addition of talc does not degrade the oxidation resistance of the CoNiCrAlY material. Fig. 5 . Evolution of the mass gain associated to the creation of the external oxide layer during 100 h annealing at 1050°C in flowing synthetic air. The oxide scale created during the thermal analysis experiment was then examined using X-ray diffraction in low incidence mode (3°). The wavelength used corresponds to K −α1 of a Cu anode. The depth of material analysed corresponds to a few micrometers. Fig. 6 shows the X-ray diffraction pattern obtained on this oxidized surface. The indexation of this pattern shows the presence of α-Al 2 O 3 and MgAl 2 O 4 oxides. TEM observations combined with EDS analyses were performed to complete these results (Fig. 7) . The latter show that the superficial oxide scale is constituted by two layers. The external layer is the MgAl 2 O 4 phase, while the internal layer is made of α-Al 2 O 3 . In the presence of air, and considering that the chemical activity of metallic elements is equal to 1, thermodynamic data show that MgAl 2 O 4 oxide is more stable than α-Al 2 O 3 and MgO. However, the formation of this oxide leads to a local decrease in Mg concentration. In these conditions, α-Al 2 O 3 might become the most stable oxide in contact with the Mg depleted metallic alloy and then α-Al 2 O 3 forms beneath the MgAl 2 O 4 layer. The analysis of the oxide growth kinetic is consistent with the experimental observations, with the formation of an alumina layer on top of which a layer of MgAl 2 O 4 is observed. The oxide scale is shown to be continuous and protective and acts as a diffusion barrier. This protective external oxide layer prevents oxygen to diffuse to the sample core through the sheet oxide microstructure which was formed between the CoNiCrAlY particles during fabrication by SPS.
Conclusion
In the present study, it is shown that Spark Plasma Sintering is an efficient technique to prepare a multi material cermet from a CoNiCrAlY-talc mixture. The material fabricated from a mixture of powders consists in the assembling of spherical metallic particles surrounded by fine talc sheets. During the SPS process, a reaction between the CoNiCrAlY and the talc powders has been observed. This reaction results in the formation of a thin oxide layer of MgAl 2 O 4 at the periphery of all the metallic particles. This reaction is accompanied by the diffusion of Si into the CoNiCrAlY grains leading to a Si enrichment of the γ phase. Alumina is also formed locally between the MgAl 2 O 4 scale and CoNiCrAlY. Assuming that hydrogen produced from the talc decomposition can migrate freely out of the sample, thermodynamic calculations show good agreement with experimental observations. The investigation of isothermal oxidation behaviour shows that the addition of talc does not affect the oxidation kinetics. The CoNiCrAlY-talc based cermet behaves like a bulk alumina former material.
